ABSTRACT. We report a high-resolution electrospray ionization mass spectrometric (HR ESI MS) access route leading to in-depths insight into the spontaneous zwitterionic copolymerization mechanism between cyclic imino ethers (i.e. 2-methyl-2-oxazoline (MeOx), 2-ethyl-2-oxazoline (EtOx) or 2-ethyl-2-oxazine (EtOz)) with acrylic acid (AA), exploiting the characteristic species accumulating during the copolymerization as well as tandem mass spectrometry (MS/MS). We demonstrate preferences in α,ω-end group formation by screening various feed ratios of cyclic imino ethers and acrylic acid (e.g. MeOx:AA = 1:1; MeOx:AA = 2:1; MeOx:AA = 1:2). Critically, a calibration curve -based on AA-MeOx-AA dimer -was established allowing for semiquantitative determination of the end group ratios with different feed ratios of acrylic acid. The formation of, previously suggested, alternating copolymers was confirmed by MS/MS experiments. Deviations from an ideal alternating composition were found to decrease from MeOx to EtOx to EtOz. The results of (semi-quantitative) HR ESI MS and MS/MS measurements suggest, for the first time presented in such precision, a polymerization mechanism for the spontaneous zwitterionic (alternating) copolymerization indicating optimal monomer ratios and pairings.
INTRODUCTION
The spontaneous zwitterionic copolymerization (SZWIP) between a nucleophilic (MN) and an electrophilic (ME) monomer serves as a facile platform for the generation of sophisticated poly(ester amide)s (PEAs) and other functional and/or degradable copolymers. 1, 2 Despite its early discovery in 1977 by Saegusa and numerous reports in the 1970s and 1980s, this polymerization technique has not received much attention until its recent re-discovery by Kempe and coworkers in 2015. [2] [3] [4] [5] These authors reported the SZWIP of various cyclic imino ethers (CIEs), such as 2-substituted-2-oxazolines (Ox), 2-substituted-2-oxazines (Oz), and acrylic acid (AA) and used it in combination with redox-initiated reversible addition-fragmentation chain transfer (RAFT)
polymerization for the synthesis of functional and tunable comb polymers. The PEAs, or more precisely N-acylated poly(amino ester)s (NPAEs) thus obtained, represent a highly interesting polymer class as they combine the degradability of polyesters 6 with the high level of functionality of CIE derived polymers, such as poly(2-oxazoline)s (POxs). Thus, SZWIP provides access to
NPAEs with tailored properties. Along with POxs, PEAs are subject of ongoing research focusing on stimuli-responsive properties as well as self-assembly for biomedical applications. 3, [7] [8] [9] [10] [11] [12] [13] [14] However, the SZWIP mechanism has not been fully elucidated with only few publications describing the isolation of important zwitterionic intermediates. 15, 16 As reported in early studies, SZWIP leads to alternating copolymers with tunable end groups. In contrast, POx-derived polymers are very well studied, including the polymerization mechanism, 17 obtained by infrared (IR) spectroscopy, nuclear resonance spectroscopy (NMR), size exclusion chromatography (SEC), [18] [19] [20] [21] and mass spectrometry (MS) involving electrospray ionization (ESI) 22, 23 as well as matrix-assisted laser desorption ionization (MALDI). 23, 24 Although POxs and NPAEs feature structural similarities, it is surprising that SZWIP-prepared polymers have not yet been submitted to a precision mass spectrometric analysis allowing for a mechanism to be formulated from a postmortem analysis of the detected species.
MS has demonstrated to be a very powerful technique for precision analytics in polymer science. 25 For instance, the soft ionization afforded by ESI 26 or MALDI 27 usually keeps covalent bonds 4 unbroken while covering a broad molecular range. Coupled to a high-resolution mass analyzer such as Orbitrap (high resolutions (up to 280000) and high ion sensitivity), macromolecules with architecturally complex structures 28 as well as polyelectrolytes 29 are accessible, and very importantly, mechanistic (polymerization) details can be revealed. 30 Especially, the collision induced dissociation (CID) 31 -with optional higher-energy collision dissociation (HCD) 32 during tandem MS (MS/MS) measurements enables the detection of fragment ions, which can be used to deduce structural information of the precursor ion. For instance, the CID fragmentation pathway of POx has been studied intensively. 24 Since the full isotopic pattern of a single species can be stored in the HCD chamber, MS/MS measurements can give quantitative compositions of isobaric structures.
However, quantitative assessments obtained via mass spectrometry have to be evaluated with caution as the ionization efficiency may depend on chain termini (i.e. basic end groups ionize more readily), chain length (including chain conformation), salt concentration, hydrophobicity and surface activity of the analyte. 33, 34 Further factors influencing the ionization are the massdependent ion transmission and detection (the latter can be neglected using Orbitrap). Nonetheless, two popular approaches are commonly used for ESI MS polymer chain termini quantification: (i) determination of the molar fraction based on the maximum peak height of two different species within a single spectrum; 35, 36 (ii) establishment of a calibration curve based on small molecule analogues giving direct access to absolute quantities. 33, 34, 37 However, each of these approaches have their advantages and disadvantages. For instance, determination of the molar fraction is a work-around avoiding time consuming calibration curves (which often includes sophisticated small molecule organic synthesis). However, the molar fraction determination is governed by certain assumptions such as chain termini independent ionization and efficient ion transmission (limiting the evaluation to single experiments). 35 If the experiment set-up is constant (i.e.
producing exact same molecular weights), it is legitimate to use the molar fraction determination without calibration curve. 38 However, due to the ion transmission being mass-dependent and the fact that different polymerizations lead to different molar mass distributions, the synthesis of a reference small organic molecule and its derived calibration curve is essential to determine molar fractions for multiple experiment quantification. 34 This present work closes a critical analytical gap for SZWIP-prepared polymers, in particular NPAEs, regarding the integrity of purely alternating structures due to its unique polymerization mechanism. Scheme 1 collates the work that will be discussed: 2-methyl-2-oxazoline (MeOx), 2-ethyl-2-oxazoline (EtOx) and 2-ethyl-2-oxazine (EtOz) are subjected to a SZWIP procedure with acrylic acid using different feed ratios (cyclic imino ether:acrylic acid = 1:1; 1:2 (for MeOx:AA also 2:1)). The oligomers were analyzed by NMR, SEC as well as precisely by HR ESI MS. The microstructure of the SZWIP-based polymers was evidenced by HCD (with ambient nitrogen gas) at around 25 eV collision energy. The fragment ions can be unambiguously attributed to specific microstructures including consecutive incorporation of the same monomer instead of a strongly alternating incorporation. Thus, the post-mortem analysis of the specific fragment ions allows to reveal the polymerization mechanism of the SZWIP. Moreover, an important key aspect revealed by the ESI MS characterization is the end group quantification that can be tailored externally by varying the feed ratio of the monomers or even using different cyclic imino ethers.
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RESULTS AND DISCUSSION
A library of oligomeric NPAEs, namely oligo(MeOx-alt-AA)nA, oligo(EtOx-alt-AA)nA and oligo(EtOz-alt-AA) has been prepared using previously reported procedures. 2, 4, 5, 39 Specifically, CIEs were reacted with AA in different ratios as summarized in Table 1 . The presence of rotamers Scheme 1. Schematic representation of the SZWIP procedure of 2-methyl-oxazoline (MeOx), 2-ethyl-oxazoline (EtOx) or 2-ethyl-2-oxazine (EtOz) with acrylic acid (AA) and their analysis via ESI MS and structural identification using tandem MS (x = 1: 2-oxazoline; x = 2: 2-oxazine).
as well as the existence of different oligomeric species and end groups impede a detailed structural assessment by 1 H NMR, hence, the polymer composition, i.e. ratio of the two monomers, is the only information obtained. 2 Moreover, elemental analysis of the NPAEs provide further indication of the composition of the oligomers as well as the effect of different feed ratios (Tab. S2).
However, in neither case, a precise structural assignment, as accessed via ESI MS, can be accomplished. The following mass spectrometric experiments have been performed on an Orbitrap mass analyzer critically surpassing the previously published data on SZWIP-prepared polymers. 2 To this end, the oligomers were dissolved in water/acetonitrile/acetic acid (1:1:0.1 (v/v)) with a concentration of 0.500 mg•mL -1 (the exact mass is crucial for subsequent quantifications). (Table   S21 ) and the fragmentation scheme (Scheme S10) clearly evidence the microstructure of the species.
of cyclic imino ethers in the feed reduces the abundance of acid-terminated oligomers drastically (quantitative assessments will be discussed later).
The expanded ESI spectra (Figure 2A-C before it reacts with another MeOx-AA dimer. As such a reaction preferably occurs in a surplus of acrylic acid (e.g. MeOx/AA = 1:2), the homocoupling species is of even lower abundance for the other copolymerization ratios (e.g. MeOx/AA = 1:1 and 2:1). A more important side product that has been revealed in the course of our mass spectrometric study is based on the homocoupling of cyclic imino ethers. For instance, a species at 328.1859 m/z (labelled with ) is almost equally abundant in each spectrum, irrespective of the copolymerization ratio and can be represented as oligo(MeOx3-alt-AA1).
In order to obtain information about the general reaction of acrylic acid as well as CIEs and the polymerization mechanism, a closer look at the microstructure is of importance. The oligomer microstructures have been revealed by employing MS/MS (Figure 2D) , where a precursor ion was stored within the HCD chamber. Fragmentation was induced with nitrogen gas close to 20 eV.
Due to many possible isobaric structures, the determination of the microstructure is a tedious process, comprising (i) the development of a feasible fragmentation mechanism; 41, 42 (ii) their MeOx units connected to each other has been detected. An isobaric structure having acrylic acid incorporated into the main chain is unlikely since the cyclic iminium ether is susceptible to ringopening reactions (e.g. water).
MeOx. If the acrylic acid is incorporated into the main chain, the highly reactive cyclic oxazolinium is susceptible to ring-opening reactions with any nucleophiles (e.g. water). Yet, low abundant species have been detected (labelled with  (Figure 2) ) where the SZWIP process was terminated by ambient water instead of acrylic acid.
Close interpretation of the peaks observed in the MS spectra is of importance for the identification of isobaric structures. As discussed earlier, species e.g. labelled with  represent amide-terminated species possessing an ideally alternating microstructure. However, tandem MS is the only technique available to precisely assess microstructural defects associated with the ideally alternating copolymer. As an example, a species identified as oligo(MeOx3-alt-AA3) prepared Key findings of our semi-quantification are illustrated in Figure 5C and further discussed in the following. Ultimately, three termination pathways have been revealed by the mass spectrometric analysis.
The majority of all zwitterionic species will be terminated by acrylic acid, which acts as nucleophile in the ring-opening reaction of the activated cyclic iminium ether and also protonates the ω-carboxylate end group (D). Thus, α-acrylic, ω-carboxylic copolymers are generated ( Figure   6vi) . As demonstrated by different feed ratios, the acid end group responses sensitively on any change in feed ratios. In contrast, the amide end group is only little influenced by changes in feed ratio rationalized by the fact that only activated cyclic iminium ethers (e.g. 
CONCLUSION
We introduce an in-depth mass spectrometric investigation of oligomers produced via a spontaneous zwitterionic copolymerization of three structurally different cyclic imino ethers 
